), AND SEYMOUR S. COHEN. Streptomycin and infection of Escherichia coli by T6r+ bacteriophage. J. Bacteriol. 92:1670J. Bacteriol. 92: -1679J. Bacteriol. 92: . 1966.-The thymineless, histidineless, uracil-less Escherichia coli 15 THU was shown to be sensitive to streptomycin, dying in patterns comparable to that of strain 15 TAU in the presence or absence of the required amino acid histidine. In the absence of histidine, the antibiotic stimulated ribonucleic acid (RNA) synthesis without a detectable inhibition or stimulation of deoxyribonucleic acid (DNA) synthesis. In the presence of streptomycin (40,ug/ml) under conditions of multiple infection with T6r+, lysis of THU occurred 1 hr earlier than did the control, having produced about one-third as much DNA and phage as did the control. In the absence of histidine, thereby preventing synthesis of phage DNA, accumulation of virus-induced RNA was similar for about 30 min in control and streptomycin-treated systems. In the presence of the antibiotic, however, the infected cells accumulated about 50 to 70% more RNA than did the control after 90 min. Nevertheless, the turnover of RNA was not detectably affected by streptomycin. The rate of production and final amount of deoxycytidylate hydroxymethylase, as well as the cut off time of synthesis of this enzyme, were scarcely affected by streptomycin. The beginning of DNA synthesis was delayed about 3 to 4 min by the antibiotic. The incorporation of histidine in infected cells was unaffected for 10 min and was only about 10% less than the control at 70 min. Lysozyme production began at about 10 min in control and antibiotic-treated systems, continued at essentially similarly increasing rates for 20 min, but stopped abruptly in the streptomycin-treated cells despite continuing protein synthesis. With the exception of lysozyme, the production of phage-specific polymers in a streptomycin-sensitive bacterium was only slightly affected by the antibiotic.
sentially similarly increasing rates for 20 min, but stopped abruptly in the streptomycin-treated cells despite continuing protein synthesis. With the exception of lysozyme, the production of phage-specific polymers in a streptomycin-sensitive bacterium was only slightly affected by the antibiotic.
In a previous paper (18) , it was shown that the lethality of streptomycin could be expressed in certain strains of Escherichia coli in the absence of significant amounts of protein synthesis. The killing of bacteria in a population not engaged in protein synthesis has appeared to correlate, in both its inception and rate, with the appearance of ribonucleic acid (RNA), whose formation was stimulated by the antibiotic. Under conditions in which streptomycin was not lethal, e.g., with resistant strains or in anaerobiosis, RNA synthesis was not stimulated. Some properties of the RNA formed during the lethal events are presented in the accompanying paper (9) .
It appeared of interest to explore the activity of streptomycin in another system, i.e., an appropriate mutant of E. coli infected by a T-even phage in which the synthesis of bacterial proteins had been stopped by an apparently total inhibition of the transcription of the bacterial genome (5, 13) . In such a system it is possible to study the separate stages of phage multiplication, i.e., transcription of the viral genome to form RNA, translation of viral-induced RNA to form early enzymes, the turnover of virus-induced RNA, the inception and rate of synthesis of viral DNA, course of synthesis of late proteins, etc. It seems of interest from the point of view of the mechanism of action of the antibiotic to determine how such events might proceed in a streptomycin-sensitive bacterium.
Such studies have been carried out in a polyauxotrophic mutant of E. coli strain 15 , a colicinresistant strain requiring thymine, histidine, and uracil for growth (16) . This strain, designated THU, is sensitive to T6r+ bacteriophage, unlike some other polyauxotrophic mutants derived from strain 15. It is also as sensitive to streptomycin as previously studied strains (18) . It was observed that streptomycin did not have a profoundly inhibitory effect on phage multiplication, reducing yield about 60 to 75%. Of the numerous parameters studied, indicated above, a marked effect appeared only in the late production of lysozyme, under conditions in which the incorporation of histidine into protein was virtually unimpaired.
MATERIALS AND METHODS
Chemicals. Uracil-2-Cl4 and L-histidine-2-(ring)-C'4 were obtained from Calbiochem. C'4-labeled formaldehyde was purchased from the Isotope Specialties Co., and was standardized by the procedure of MacFayden (12) (1) , and were purified by differential centrifugation.
Growth ofbacteria and infection. The cells were cultivated by aerating inoculated media at 37 C; they were usually harvested at a concentration of 2 X 108 cells per milliliter and washed once with cold synthetic medium (7) . In experiments in which the uptake of radioactive compounds was to be followed, cells in logarithmic growth were starved by incubation for 15 min in the medium lacking the unlabeled compound. In experiments with infected bacteria, as well as in experiments where high turbidities were to be attained, the glucose concentration was increased to 3 mg/ml. In experiments with infected B, streptomycin was added 20 sec after the addition of the phage, to assure complete adsorption ofthe phage to the bacteria and to avoid the possible effect of the antibiotic on the penetration process. When the THU-infected system was used, the antibiotic was added 1 min after infection. When the uptake of a labeled compound was to be followed, this was added together with the antibiotic.
The medium was always supplemented with 50 sg/ml of DL-tryptophan as an adsorption cofactor (6) .
Preparation ofcell-free extracts. Samples containing at least 4 X 109 infected cells were chilled rapidly by pouring them on crushed frozen medium. They were centrifuged and the pellet was frozen at -20 C. After thawing, the pellet was resuspended in 0.05 M tris(hydroxmethyl)aminomethane (pH 7.5) containing 0.05 M mercaptoethanol, and the bacteria were disrupted by treatment with a Raytheon sonic oscillator for 10 min. Unbroken cells and debris were removed by centrifugation at 2,000 X g for 30 min. All procedures were carried out between 0 and 5 C.
Other methods. Incorporation of radioactive uracil into nucleic acids was determined as described by Stern et al. (20) . When synthesis of deoxyribonucleic acid (DNA) is negligible (e.g., in infected cells in which protein synthesis has been prevented by omitting an amino acid), uptake of radioactive uracil gives an accurate determination of net RNA synthesis.
In the presence of the amino acid, DNA synthesis occurs at a considerable rate after an initial lag. In the latter instance, when RNA synthesis is obtained by difference between total uptake of radioactive uracil and DNA synthesis, the values are of the same order of magnitude as the absolute error in the determination of the last two quantities. Therefore, accurate estimations of RNA synthesis cannot be expected by this method of difference. In the latter type of experiment then, RNA synthesis was measured, after alkaline hydrolysis, by a determination of radioactivity in the filtrate after DNA was precipitated with 5% perchloric acid and removed on membrane filters (Millipore Filter Corp., Bedford, Mass.). The filtrate was brought to approximately pH 7 with KOH, and KCl04 was removed by centrifugation. An appropriate portion was then measured in a Packard liquid scintillation counter, by use of Bray's scintillation liquid (3) . In this way it was possible to correct for quenching of the samples due to both salt and acid.
Deoxycytidylate (dCMP) hydroxymethylase activity was assayed by the method described by Pizer and Cohen (14) . Lysozyme activity was followed according to a modification of the method of Weidel and Katz (21) described by Sekiguchi and Cohen (16) .
Viability was determined by plating an appropriate dilution on nutrient agar (2) . Phage was assayed by the soft-agar plating technique (1). Protein concentration was determined according to Lowry et al. (11) . In T6-infected B, DNA was determined by a colorimetric method (4) . RESULTS Action of streptomycin on strains THU and B. The lethal action of two different concentrations of streptomycin, 40 and 60 ,Ag/ml, was determined on strains THU and B. Viability and turbidity were followed ( Fig. 1 ). At these concentrations, the cultures survived about 20 min before suffering a rapid decrease in colony-forming units. Although the increase in colony-forming units stopped immediately upon addition of the antibiotic, an increase in turbidity was observed for both types of bacteria, but at a lower rate than the control. Turbidity stopped increasing at 80 min for strain B, and at 100 min for strain THU, and a decrease was observed after that time suggesting the beginning of lysis. The concentrations of streptomycin tested in these preliminary experiments on uninfected cells were the same as those used in most of the experiments in phage infection.
Although the period of survival has approxi- mately the same duration with both types of bacteria, the loss of viability of strain THU occurred at a slightly higher rate than with strain B. At 60 min, for example, there was 2.2% survival of the population of B, whereas for THU there was only 0.45% survival. At 90 min, the corresponding values were 0.06 and 0.006%, respectively. This result was unexpected, since THU is a strain that grows at a significantly lower rate than strain B in the mineral medium used, and a more direct relationship between mass-doubling time and rate of killing was expected as a result of the demonstration that the organism must synthesize in order to die (19) .
Several other experiments on the effect of streptomycin on strain THU in the presence and absence of histidine were performed. The results correlate with those obtained for strain TAU (18) and are presented in Fig. 2 . The experiment was performed in the following way. Cells were grown in the usual medium; when the concentration reached a value of 2 x 108 cells per milliliter, they were harvested, washed once with cold mineral medium, resuspended in the same medium, and starved for 15 min for histidine. At zero-time, either histidine or streptomcin or histidine plus streptomycin was added to three of the four experimental vessels. Killing was observed either in the presence or in the absence of the amino acid, but in its absence the lag period increased from 20 to 40 min and the slope of the killing curve was not so steep as in the presence of the amino acid.
The effect of streptomycin on RNA and DNA synthesis in the absence of histidine was also measured. The synthesis of DNA was not affected by streptomycin; RNA synthesis showed, in the presence of the antibiotic, first a slight inhibition with respect to the control, and then a stimulation that correlated with the inception of killing (Fig.  3) .
Effect of streptomycin on lysis of the culture. Both E. coli B and THU were infected with T6r+ phage. With B, three different concentrations of streptomycin were used (20, 40 , and 80 jug/ml), and the antibiotic was added 20 sec after infection. A multiplicity of four phage particles per bacterium was used. The results (Fig. 4) show that streptomycin hastened lysis; this occurred sooner with the higher concentrations of streptomycin.
The highest level of turbidity attained was also lowered with higher concentrations of streptomycin, but the drop in turbidity occurred at approximately the same rate.
The effect of streptomycin on infected THU was tested at two different concentrations of the antibiotic: 40 and 60 ,ug/ml. A multiplicity of eight phages per bacterium was used, and the antibiotic was added 1 min after addition of the With strain THU (Fig. 5) , there was also early lysis and decreased maximal turbidity, but the drop in turbidity was slower (both in rate and level attained) the higher the concentration of 100 streptomycin. In the same experiments, the yield >_ 100 of plaque-forming units was determined 6 hr after a infection, after correction for initial free phage. J Even with the highest concentration of strepto-F t , mycin, infective phage particles were obtained. The results are presented in Table 1 of newly synthesized DNA was observed in either of the two types of phage-infected bacteria.
In infected B, a slight decrease in the rate of synthesis was observed from the initiation of synthesis. However, a much more marked effect on total DNA produced occurred after a period of time which was shorter for higher concentrations of the antibiotic. Thus, active DNA synthesis stopped after approximately 60, 90, and 120 min when the concentration of streptomycin was 80, 40, and 20,ug/ml, respectively (Fig. 6) .
The effects of 40 and 60 ,g/ml of streptomycin on the synthesis of viral DNA in infected THU were also determined. The rate of synthesis, which from the beginning was somewhat lower than that of the control, decreased at about 30 min, and exhibited a further decrease at 60 min (Fig. 7) . There also appeared to be a direct relationship between the percentage of phage particles obtained with respect to the control and the percentage of DNA synthesized in 120 min with respect to the control (Table 1) . DNA synthesis was neg- ligible at longer times, even in the controls. The close agreement observed suggests that the number of phage particles obtained is linearly dependent on the amount of DNA synthesized by the systems, and that there is no decrease in the efficiency of packaging the DNA made in the presence of streptomycin into functional phage.
DNA synthesis in infected B was followed up to 180 min. In the samples that contained streptomycin, a slight but significant breakdown of DNA was observed between 120 and 180 min. This breakdown was probably a result of the earlier lysis that takes place in the presence of the antibiotic. In infected THU, DNA synthesis in the presence of streptomycin also took place at least until 120 min, although at a very slow rate between 60 and 120 min.
Effect on the synthesis of an early enzyme, dCMP hydroxymethylase. The appearance of dCMP hydroxymethylase was measured in both infected E. coli B and infected E. coli THU. In infected B, 20 sec after the addition of the phage, different amounts of streptomycin were added (20, 40 , and 80 ,ug/ml), and the appearance of the enzyme was followed over a period of 60 min. No significant effect could be detected in the time of appearance, the level of activity attained, or the time of cessation of synthesis of the enzyme. In the case of infected THU, however, the specific activity of the enzyme reached a slightly lower level (Fig. 8) (Fig. 9) . Histidine uptake was also measured in the absence of uracil; protein synthesis occurred at a still lower rate because uracil is made available only by turnover of RNA. No appreciable effect of streptomycin was observed under these conditions.
Effect of streptomycin on the synthesis of a late protein, lysozyme. The two systems were tested for the ability to synthesize lysozyme. In infected B, lysozyme appearance was not delayed, although the rate of increase of specific activity was decreased with increasing concentrations of streptomycin (Fig. 10) . Infected THU behaved differently. Lysozyme activity started to increase at the same time as the control, although at a very slightly lower rate than the former. At 30 min in the presence of 60 ,tg/ml of streptomycin, lysozyme synthesis abruptly stopped and the specific activity of the (Fig. 11) . Thus, there is a specific late inhibitory effect on the synthesis of this enzyme. RNA synthesis in T6r+-infected THU. The net rate of RNA synthesis was measured in infected THU, following the addition of 60 ,g/ml of The net RNA synthesis in the controls was more than twice as high in the presence of the amino acid than in its absence. The antibiotic slightly stimulated RNA synthesis during the first 10 min in the presence or absence of the amino acid. In the presence ofhistidine, net RNA synthesis was inhibited somewhat after 10 min (Fig. 12) .
Turnover of phage-induced RNA in infected THU. It was asked whether the turnover of the RNA synthesized in the presence of streptomycin was affected, resulting in the higher level of RNA accumulated, or whether the increased accumulation was actually the result of an increased rate of synthesis. The RNA was allowed to proceed in the absence of histidine. The infected cells then received a pulse of radioactive uracil from 2 to 5 min after infection. The uptake of radioactivity was stopped by the addition of a 100-fold excess of unlabeled uracil, and the cells were poured on crushed frozen medium. The turnover of phage-induced RNA and the appearance of RNA pyrimidine in DNA was followed in the presence of either histidine or histidine plus streptomycin, by measuring the change in radioactivity of the appropriate fractions.
The experiment was performed with three different multiplicities of infection: 4, 8, and 12 phage particles pei bacterium (Fig. 13) . A greater breakdown of RNA was observed with higher multiplicity of infection. This is attributed to an enhanced loss of labeled uracil nucleotides from the cell at higher multiplicities.
Streptomycin did not appear to affect the rate of breakdown of phage-induced RNA with any of the three different multiplicities of infection tested, but the incorporation of some of the labeled constituents into phage DNA was slightly inhibited. There was also no effect by these concentrations of streptomycin in the inorganic phosphate-stimulated rate of degradation of the phage-induced RNA associated with a ribosomal preparation from infected cells (15) .
DIscUSSION
It is clear from these experiments that streptomycin does not very sharply affect the multiplication of a T-even bacteriophage in a streptomycinsensitive bacterium. No marked effects were detected within 30 min in a multiply infected bacterium. The most severe effect noted was a relatively specific inhibition of phage lysozyme production at about 30 min without a significant overall inhibition of protein synthesis, as measured by incorporation of histidine in the infected cells. It might be suggested that no inhibition of early stages in phage multiplication should be expected since the lethal action of the antibiotic on the bacterium normally requires about 20 min for its expression. However, it must be stressed that one major hypothesis of streptomycin action supposes an extensive inhibition of protein synthesis at the ribosomes (8, 17) ; in uninfected bacteria, such an inhibition is observed very close to the time at which lethality is detected. Such a relatively nonspecific inhibition is not in fact observed in this system, which contains streptomycin-sensitive ribosomes.
The inhibition of lysozyme production conceivably arises from a coding error induced by the antibiotic on the ribosomes (10). However, DNA synthesis in this inhibited system continues long after lysozyme production stops, and the data indicate that whatever DNA is formed is apparently packaged in normal phage structural proteins. Thus, this observation may be supposed to suggest that most, if not all, protein synthesis is normal and does not actually reflect coding errors or errors of translation. However, our data are inadequate on this point at this time, and it will be important to determine whether aberrant proteins are indeed formed in the inhibited system.
Still another type of hypothesis may explain the observed data. This would suggest that streptomycin affects transcription of virus DNA to cut off or alter the messenger RNA for phage lysozyme. An effect on the accumulation of virusinduced RNA has been detected in this system under conditions in which protein synthesis has been prevented, i.e., before DNA synthesis can occur. Studies on the base composition, size distribution, and hybridizing properties of virusinduced RNA found in infected cells under various conditions have been begun in an effort to determine whether the antibiotic causes an error in transcription, rather than translation, as suggested above. It may be noted that phage lysozyme has a molecular weight of only 15,000, whereas phage head protein has a much greater molecular weight. The RNA determining lysozyme should be relatively small and hence possibly separable by physical methods from the RNA characteristic for head protein, which presumably represents most of late protein synthesis. Thus, it is possible that a method can be developed on this basis to determine the rate of production of messenger RNA for lysozyme.
In any case, it is evident that a phage-infected bacterium which has suspended its synthesis of bacterial polymers is far less sensitive to streptomycin than is the uninfected bacterium. It may be suggested then that the sensitive site for streptomycin action is not entirely pre-existing (e.g. the bacterial ribosomes), but is one of the systems eliminated by phage infection. Continuing this line of thought, we have shown (9) that the RNA whose synthesis coincides with lethality and which is stimulated by streptomycin is predominantly that of 16S ribosomal RNA, a class of RNA not produced after phage infection. The observations on the relative insensitivity of T-even phage-infected bacteria to the antibiotic are then consistent with the hypothesis that the synthesis of this RNA in the presence of the antibiotic is essential for the lethality of streptomycin.
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